ABSTRACT The microgrid is considered to have bright prospects in the future for its advantages of high economic benefits and environmentally friendly and alleviate the antinomy for energy's supply and demand. Due to the introduction of renewable energy such as wind power into the microgrid, the intermittent, random, and unpredictability of its output makes it difficult to control the frequency when the microgrid operates in the isolated islands. In order to reduce the frequency fluctuation, this paper proposes a secondary frequency control strategy for isolated microgrid based on the linear active disturbance rejection control (LADRC) technology. Extended state observer (ESO) is used to estimate the extended state online and compensate the disturbance estimation actively so that the disturbance can be eliminated quickly and the frequency stability can be maintained. In addition, considering the demand response, the influence of different demand response coefficients on frequency control is analyzed. By a series of trial declarations, the LADRC control strategy can effectively suppress the frequency oscillation, and after adding the demand responses, the response speed can be faster than the traditional frequency modulation, reflecting its better robustness and stability. The simulation based on the frequency response model of AC microgrid results shows the effectiveness of the proposed method.
I. INTRODUCTION
With the development of the national economy, the demand for power grows rapidly, and the scale of the electrical grid is also increasing. The disadvantages of ultra-large scale power system are increasingly prominent: high cost and great difficulty in operation. In addition, the depletion of fossil energy and its high pollution to the ecological environment have promoted the rapid development of clean and renewable distributed generation represented by wind energy and solar energy. However, the access of distributed generation makes the trend between the power supply and user side change from one-way to two-way, which greatly increases the complexity and uncertainty of the power-grid [1] . The proposal of microgrid can effectively alleviate the impact of the access of distributed generation system on the powergrid, and is conducive to the absorption of the distributed The associate editor coordinating the review of this manuscript and approving it for publication was Amedeo Andreotti. power supply, energy saving and consumption reduction, and improvement of power quality [2] . At present, microgrid has become an effective technology and an important way to utilize renewable energy in the field of the power system.
The operation of microgrid is judged by the stability of frequency and voltage. Adjusting the frequency of the system to the rated value and maintaining the switching power of the regional tie lines is called load frequency control (LFC). In recent years, scholars at home and abroad have made great achievements in frequency control of microgrid. In [3] - [5] , the master-slave control of microgrid has been proposed: a distributed power supply is used as the main control distributed power generation systems (DGs), and the constant voltage & constant frequency control is adopted to provide a reference voltage and frequency to other DGs in the microgrid. The flywheel energy storage unit is adopted as the main control DGs in [5] , which is equivalent to infinite bus in steady state operation. The peer control of microgrid avoids the connection of all control points, eliminates single point of failure, and has high reliability and redundancy, which is elaborated in [6] - [8] . In [8] , peer control based on droop characteristics is adopted to control the DGs of a single microgrid in operation. In addition, scholars have also made many improvements in the traditional control mode: In [9] , the authors have designed a controller that can achieve an adaptive droop coefficient adjustment without static difference of island frequency, but it is difficult to achieve satisfactory control effect for droop control in a low-voltage microgrid with resistance. The isolated island central control framework based on distributed renewable energy and energy storage has been proposed in [10] . The frequency and voltage control strategies based on energy storage batteries, diesel generators, and wind turbines have been proposed in [11] . Although energy storage equipment adjusts quickly, it has capacity limitation. Moreover, the frequency response time scale based on renewable energy is too large to suppress the power fluctuation of a single microgrid quickly. At present, there is a wide range of research on the virtual impedance control strategy of microgrid [12] , [13] . However, the traditional virtual impedance method will increase the output impedance of the inverter, so that the output of the inverter will generate voltage drop. Moreover, due to the large impedance resistivity of the microgrid, it is difficult to correct the impedance characteristics to pure sensibility, and the power of the system is hard to achieve complete decoupling, which affects the power quality of the microsource output to the common connection point (PCC) of the microgrid [14] , [15] .
Above all, how to effectively restrain the frequency fluctuation in the process of disturbance of microgrid and realize the stable operation under the mode of the isolated network remains to be further studied and improved. Active Disturbance Rejection Control (ADRC) is a nonlinear control algorithm proposed in recent years, which is a robust controller independent of the exact model of the system. ADRC inherits the advantages of simple debugging and easy use of PID controller, and has better control quality for the nonlinear, uncertain and strongly coupled systems, and can achieve better decoupling effect, thus enhancing the robustness and adaptability of the system under the action of unknown strong disturbances. However, because ADRC requires numerous and complex debugging parameters, it is not easy for engineers to understand and apply. In [16] , the original nonlinear ADRC is reduced to a linear form, and LADRC [17] - [19] is obtained. The bandwidth of the controller is taken as the debugging parameter of the control performance, which simplifies the calculation and is easy to be adjusted and maintained. In recent years, this method has been successfully applied in the fields of unit coordinated control [20] , steam turbine power frequency electro-hydraulic cascade control [21] , and HVDC transmission system [22] , which shows the development prospects of LADRC control algorithm in practical application.
Motivated by the aforementioned research gap, this paper investigates the stability robustness of secondary frequency LADRC control of island microgrid considering demand response. Based on wind power generation system, solar power generation system, diesel generator, solid fuel cell and energy storage AC microgrid system, LADRC control technology is applied to load frequency control of microgrid, and a second-order LADRC controller is designed. The study contributions are listed below:
(1) In this paper, an approach for isolated microgrid equipped with the secondary frequency LADRC control is first presented, this method makes use of the optimization idea of the feedback linearization control theory of the linear extended state observer (LESO) to enhance the robustness of the control system.
(2) Considering the demand response, frequency control simulation was carried out under different load disturbances and parameter perturbations, and the influence of different demand responses on frequency control was obtained.
The remainder of this paper is organized as follows. Section II introduces AC microgrid and its control strategy and establishes a microgrid frequency control model considering the demand response. Analysis of the components of ADRC and design of second-order LADRC are discussed in Section III. Section IV confirms the effectiveness of the proposed method by simulation. Conclusions are drawn in Section V.
II. INTRODUCTIONTO MICROGRIDSYSTEM A. AC MICROGRID
A microgrid can be viewed as a set of interconnected DGs units, RESs, load, and energy storage systems. The microgrid consists of low-voltage (LV) distribution system and DG unit. Microgrids are connected to the mains grid through PCC according to standard interface rules and facilitate switching between operational modes (independent and connected). The load controller (LC) at the load and the end of the micro-controller (MC) located at the micro-source interact with MGCC to manage the microgrid operation by providing setting values to LC and MC.
The microgrid is centrally controlled and managed by a microgrid central controller (MGCC) installed at the medium voltage (MV)/ LV substation. Each cell feeder has a circuit breaker and a power flow controller controlled by MGCC. The circuit breaker is used to disconnect the corresponding feeder (and associated units) to avoid serious interference through microgrid. AC microgrid can be connected to the distribution system through a PCC overload switch [23] - [24] .
When the microgrid is in grid connection mode, it is connected to the medium-voltage distribution network through the PCC to maintain the connection with the main network [25] . The power of the public connection point can flow in both directions, and the microgrid as a whole is equivalent to centralized load or power supply. At this time, the frequency of microgrid is mainly determined by the main network, so the main goal of self-regulation control of microgrid is to ensure that the power flowing through the common connection points is within the range given by the main VOLUME 7, 2019 network instructions. Once any disturbances or faults occur in the main network, the microgrid can be transformed into an isolated mode by active disconnection from the distribution network, and supply power to it independently, thus improving the reliability of the load supply in the microgrid. In this mode, the frequency of microgrid is completely determined by its internal distribution balance relationship, so frequency stability is the main goal of microgrid self-discipline control.
B. MICROGRID CONTROL STRATEGY
Distributed power supply control is the precondition of microgrid control and reliable operation. In [26] , PQ control can realize the specified control of active and reactive power of micro-power supply; V/f control can realize the sharing of variable power among different micro-power sources when the load power changes, and provide voltage and frequency support for microgrid system when microgrid islands run; Droop control model can realize power-sharing and ensure the stability of frequency and voltage. Microgrid primary frequency modulation is realized automatically by the speed regulating device. The response to frequency variation is very fast, but the frequency deviation cannot be completely eliminated. Secondary frequency modulation can eliminate the steady-state error of primary frequency modulation and restore the frequency to the rated value by changing the given value of generator output power and unit output power. The relationship between the two is shown in FIGURE 1. Among these, the goal of the equivalent quadratic frequency control is to divide the power equally. In this paper, the master-slave secondary frequency control is used to distribute the power of the main control unit steam turbine to other adjustable units to achieve frequency stability.
The microgrid structure adopted in this paper is shown in FIGURE 2. An isolated AC microgrid is composed of the wind turbine (WTG), solar photovoltaic (PV), diesel generator (DEG), fuel cell (FC), battery (BESS) and flywheel energy storage system (FESS). Connecting to the microgrid through power electronic interface and interconnection equipment (IC) can achieve synchronization or voltage conversion between AC and DC. PV, FC, and BESS require appropriate power converters to exchange energy with ac microgrid systems. BESS is considered to have sufficient capacity to store the excess energy generated by the energyproducing subsystems. DEG is a controlled subsystem. When the total power generated by WTG, PV, and FC is insufficient, even if BESS may have enough energy to storage, it can also participate in frequency adjustment by providing additional power to the system. When WTG, PV, and FC generate residual power, DEG reduces production [27] .
The sum of the net power generation (P S ) is given in (1). Where P WTG and P DEG is the output power of WTG and DEG, respectively, P FC and P PV is the output power of FC and PV, and P BESS and P FESS is the exchange capacity of the BESS and FESS.
Demand response (DR) is a measure to improve the stability of microgrid. It uses a series of economic and technical measures to rationally mobilize demand-side resources to respond to the operation status of the microgrid. By implementing real-time electricity price, peak-valley time-sharing electricity price, peak electricity price, or some other incentive measures for power users, demand response enables power users to change their electricity consumption mode, thus reducing power supply pressure and improving the stability of microgrid.
Since the ultimate purpose of demand response participating in frequency modulation is to realize the coordinated control of the demand side resources and the power generation side resources on the frequency. The role of frequency modulation in the islanded microgrid is equivalent to adding an additional closed-loop control loop in the microgrid frequency response model as shown in FIGURE 3. PL is a pos-itive or negative disturbance in load; PDR is the additional load of demand response. The demand response can support the frequency control of microgrid when its frequency is disturbed. When a sudden load increase P L > 0 occurs in the system and decrease the frequency, the demand response will be offset with P L by reducing part of the load (making P DR positive). On the contrary, when a sudden load reduction, P L < 0, increases the frequency, the demand response will offset with P L by increasing part of the load (making P DR negative) and eventually help the power system to recover to the rated frequency.
Demand response control loop is added into the LFC model to realize the balance of power generation and demand between the microgrid and share the required control work between the two control loops (supplementary control and DR control). FIGURE 4 shows the frequency response model of AC microgrid with DR control loop. The proportional control parameter of the controller is α, 0< α <1. When α = 0, that means all demand responses are not considered. α = 0.1 (10% of the stipulation will be provided by DR, 90% from supplementary control). The target ratings and loads are given in Table 1 , and the parameter values in FIGURE 2 are given in Table 2 . In FIGURE 4 , f is the frequency deviation of microgrid, s is the Laplacian operator, and R is the adjustment coefficient of primary frequency modulation, P L is the load disturbance, when P L > 0, represents a sudden increase in the load (system active power shortage), P DR is the required response payload. 
III. DESIGN OF LADRC
LADRC includes LESO, disturbance compensation, linear state error feedback control, and other structures. Its structure is shown in FIGURE 5. The principles and functions of these structures are described below.
A. TRACKING DIFFERENTIATOR
Compared with PID, tracking differentiator (TD) can solve the problem that differential signals are difficult to track. Under certain conditions, if V 0 (t) is the input signal of the tracking differentiator, then its output signal V 1 (t), V 2 (t), . . . , V n (t) should satisfy:
TD can not only overcome the interference noise by obtaining differential signals, but also make reasonable arrangements for the transition process. In the control system, there are three advantages to arrange the transition process in advance. First, the selection range of error feedback gain and error differential feedback gain can be expanded to make it easier to set. The second is to expand the range of object parameters to which the given feedback gain is adapted and to increase the robustness of the control system. Third, the contradiction between overshoot and speediness can be solved effectively. The state equation of linear TD is:
Equivalent to a second-order link without overshoot and damping factor δ = 1:
In the formula, parameter r is the tracking speed factor, and the larger the tracking speed factor, the faster the tracking VOLUME 7, 2019 speed will be. However, when the tracking speed exceeds a certain value, the filtering effect of TD will be weakened, and then the ability to suppress noise will be weakened.
B. LINEAR EXTENDED STATE OBSERVER
LESO is based on the development of the traditional observer, which takes the input and output of the control object as one of its inputs. The output of the observer feeds back to the input system of the control object, so that the unknown disturbances can be observed through the observer and new state variables can be formed. An obvious advantage of the extended state observer is that it does not depend on the specific mathematical model for generating disturbances, nor does it need to measure its role directly [28] .
Consider an n-order object:
where u and y are the input and output of the system, W is the unpredictable system disturbance, respectively, y i , u i (i = 1, . . . . . . n) are the i-th derivative of the output and input of the system and b is the control gain.
Consider f as a system disturbance and extend the state so that x n+1 = f . Assume that f can differential, and defineḟ = h. At this point, the state space equation can be expressed as:
Among them,
Based on modern control theory, LESO is defined:
where,x is the estimated value of x, and L represents the gain matrix of the state observer, which can be obtained by pole assignment:
According to the classical control theory, it can be deduced that the transfer function fromx n+1 to f is:
For practical convenience, it is assumed that all the poles of the observer can be configured to −ω 0 :
ω 0 is the only parameter that needs to be set in the state observer. In general, higher bandwidth ω 0 is required to obtain more accurate disturbance estimation, but at the same time, the sensitivity to noise will be enhanced. Therefore, ω 0 should be selected as far as possible between the control performance of the system and the sensitivity to noise.
The state observer takes object input u and object output y as inputs, and takes the estimated values of state variables and real-time disturbances f as outputs. It doesn't depend on the precise model of the object and has strong immunity to disturbances.
C. DISTURBANCE COMPENSATION
In LADRC, the core idea is to estimate the value of f (y,ẏ, · · · y (n−1) , u,u, · · · u (n−1) , w, t) and eliminate it. Therefore, the control quantity is selected:
Then the object model becomes:
After the internal and external disturbances of the system are compensated by the control quantity u, the model object is approximated to an integral series link for easy control.
D. FEEDBACK CONTROL LAW
Through the compensation effect of u, the integral series control object can be obtained by formula (13) . According to reference [29] , the control law in LADRC is as follows: (14) where, r is the reference track,
T is the gain matrix of the controller. When the state estimation is accurate enough, formula (13) can also be written as:
Then the closed-loop transfer function from input r to output y can be written as:
The controller bandwidth is defined as ω c . For the sake of simplicity, all poles of the controller are configured at −ω c to obtain:
ω c is the only parameter in the controller which needs to be set. Generally, the larger ω c is, the faster the response of the system will be, but it has a certain impact on the stability performance.
E. PARAMETER SETTING RULES
Assume that K is the controller gain of integral series link, and K is expressed as:
Obviously LADRC has two parameters that need to be set: observer gain L of LESO and the controller gain K . For the second order system, the form is similar to the traditional proportional -high order differential (PD) control.
In order to make all poles of the observer configurable to −ω 0 , the observer gain needs to meet the following conditions:
According to the above formula, the observer parameter ω 0 is set and defined as the observer bandwidth.
Similarly, in order to simplify the controller parameters, ω c is defined here as the controller bandwidth. Assuming that all closed-loop poles of PD controller are configured on −ω c , the controller gain needs to meet the following conditions:
In LADRC structure, b is the adaptive parameter and is roughly estimated: b ≈ b 0 . b 0 has a wide range of choices, requires trial and error. As long as the trial and error reach an order of magnitude, the new system can be stabilized. In this paper, second-order LADRC is adopted for frequency control of isolated AC microgrid. The structure of the LADRC composed of PD controller, LESO and an adaptive coefficient b is shown in FIGURE 6. [30] . The controller is added to the master-slave control loop and DR loop of the turbine in the islanded microgrid for simulation, and the controller parameters are set by the heuristic method.
IV. ANALYSIS OF SIMULATION RESULTS

A. OVERVIEW OF SIMULATION SYSTEM
In order to verify the LADRC frequency control strategy proposed in this paper, MATLAB/Simulink simulation software was used to build the microgrid simulation system platform as shown in FIGURE 4.The steam turbine is taken as the main control unit, and the controller is added in its control loop to distribute power to other adjustable units to stabilize the frequency.
In the simulation, the traditional PI controller and the LADRC proposed in this paper are connected to the turbine control loop of the microgrid system for comparative analysis. The control parameter of the traditional PI is K P = −4.09, K i = −21.84. According to the design of LADRC in the second part of this paper, LADRC control parameters are selected as follows: K 1 = 64, K 2 = 16, ω 0 = 13, ω c = 8, b = 290, considering the dynamic response of the whole microgrid system under different circumstances.
B. SIMULATION ANALYSIS OF FREQUENCY CONTROL UNDER LOAD DISTURBANCE
Considering the unpredictability of the load, the load disturbance added is 0.6p.u. at 0.2s. The requirement response is not considered at this point. The frequency control simulation of traditional PI and LADRC controllers is shown in FIGURE 7 . The comparison results of the power response are shown in FIGURE 8. In FIGURE 7, the load of 0.6p.u. is suddenly added. LADRC controller has a much better effect than the secondary frequency control of the traditional PI controller, and the frequency change of the microgrid system is obviously slowed down. The traditional PI controller takes a long time to adjust, and the amplitude of oscillation is high. In contrast, LADRC controller has no such defect. Within 2-3s, the deviation can be eliminated, not only the response time is fast, but also the overshooting in the frequency control process is eliminated, the fluctuation is smooth, and the oscillation amplitude is relatively small, which can better meet the frequency control requirements of the microgrid.
The sudden increase of load L d results in the rapid increase of active power output of DEG and FESS. But the difference is that the FESS quickly balances the load increment in a very short time and then returns to zero. At this time, it neither stores nor releases energy. The power output of the DEG is stable when the load variable is kept constant after balancing. LADRC control makes the power deviation return to 0 after 2-3s. However, under the traditional PI control, it is obvious that the amplitude of waveform oscillation is high and the adjustment time is long. By comparison, when LADRC is controlled, the fluctuation amplitude of its power output is small, and the speed of entering a stable state is faster.
C. CONSIDERING THE SECONDARY FREQUENCY SIMULATION ANALYSIS OF DEMAND RESPONSE
Based on the results of ADRC optimization in the previous section, considering the effect of demand response, the LADRC controller is added to the DR control loop shown in FIGURE 5, and the amount of demand response is determined by the control parameter α. By reducing the time delay of governor and turbine, the response speed can be faster than the traditional frequency modulation. Assume that a load disturbance (active power gap) of 0.5p.u. occurs suddenly in 2s, and α is set at 0.0, 0.1 and 0.35, demand response accounts for 0%, 10% and 35%. The simulation results are shown in FIGURE 9. It can be seen that the frequency sag can be greatly reduced by adding the demand response control. When the participation and proportion of demand response are 35%, the maximum frequency deviation of the system is 0.29Hz and 0.23Hz, respectively, indicating that the demand response control has achieved good results.
Next, the system is verified when the demand response is 35% and the system is disturbed by different amplitudes. The system is subject to load disturbances of different amplitudes (from 0.09p.u. to 0.35p.u.), and the simulation curve of the system is shown in FIGURE 10. As can be seen, the demand response strategy proposed in this paper successfully realizes the stable control of system frequency under load disturbance with different amplitudes.
D. SIMULATION ANALYSIS OF FREQUENCY CONTROL UNDER PARAMETER PERTURBATION
According to Table 3 , the perturbation range of microgrid parameters is set up. The disturbance of 0.6p.u., −0.3p.u., and 0.5p.u. was administered at 0.1s, 10s, and 20s, respectively. The simulation results are shown in FIGURE 11, the second frequency of the traditional PI controller diverges seriously under the condition of parameter perturbation, and it keeps oscillating, and the oscillation amplitude gradually increases, far beyond the acceptable range of frequency deviation, and finally, the system is paralyzed. Because the amplitude of the last secondary frequency is too large, the frequency control waveform of LADRC controller presents a straight line. Frequency control not only does not diverge but also keeps good control performance.
E. STABILITY ANALYSIS OF LADRC AND TRADITIONAL PI SYSTEMS
The bode diagram of ladrc and traditional pi is drawn as shown in FIGURE 12. From the perspective of phase margin, when both amplitude-frequency characteristic curves cross zero, that is, when the loop gain of frequency is equal to 0db, the phase margin of ladrc and traditional pi phase frequency characteristic curves is 108 • and 66 • respectively, which can be seen as the phase change that can be increased before the system enters an unstable state. the larger the phase margin is, the more stable the system will be.
V. CONCLUSION
In this paper, a control method based on LADRC is proposed to solve the problem of secondary frequency control in the isolated operation mode of AC microgrid. This method incorporates the results of modern control theory, enriched and developed the essence of PID, not only can automatically compensate the internal and external interference of the object model, but also has an excellent control effect on the nonlinear, uncertain time-delay and strong coupling control problems. Moreover, the calculation is simple and easy to maintain and adjust. The simulation results show that the design of LADRC can effectively improve the islands of the frequency of micro power-grid stability, great control effect, and strong robustness.
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